Pb. The results obtained by the different modes of calibration were in good agreement for botanical and CPM samples. The method was found to have good accuracy for the analysis of botanical reference materials. Method precision based on analyses of different types of CPM samples by different analysts on different days for different levels of lead was between 3.0 and 8.0% (relative standard deviation, n = 6). The effect of possible matrix interference caused by nitric acid and the extent of digestion was investigated with the method of standard additions. Significant matrix interference was not observed for the CPM samples analyzed. MLR was used to examine the effect of variation in isotopic abundance, which was found to present no significant problem in the determination of lead in the botanical and CPM samples.
B
ecause lead is a well-known toxic metal, the Sale of Drugs Act, 1979, Singapore, states that the concentration of Pb present in herbal medicine must be <20 parts per million (ppm) by weight. Chinese prepared medicines (CPM) usually contain one or more different types of herbal products and are available in the form of tablets (coated and uncoated), concentrated pills, syrups, capsules, soluble granules, and others (1) .
The sample pretreatment of CPM containing Pb has consisted of dry ashing (2) and conventional wet acid digestion (3) with determination by graphite furnace atomic absorption spectrometry (AAS). Wu and Cai (4) reported a method using microwave digestion with graphite furnace AAS. Another reported method used dry ashing and flame AAS with a slotted, sputtered quartz tube (5) .
Inductively coupled plasma-mass spectrometry (ICP-MS) is an attractive system for the determination of trace metals in plant, botanical, and other materials because of its excellent detection limit, wide linear range, multielement capability, and the ability to measure isotope ratios. The use of flow injection (FI) with ICP-MS is an attractive option, compared with direct aspiration of the sample. The result is a transient signal from a well-defined volume of sample injected into a carrier stream, which transports the sample to the detector. The advantages of combining FI with ICP-MS include higher sample throughput, lower washout time, and smaller sample volumes. Pb present in plant materials has been determined by using closed-vessel microwave digestion with ICP-MS (6) (7) (8) .
Calibration by multiple linear regression (MLR) is useful in analytical chemistry, particularly in spectroscopy. Such a procedure is useful for the determination of analytes when knowledge about interferences and other analytes is not available (9, 10) . Measurement of the target analyte in a complex matrix by MLR is considered to be more accurate, compared with univariate calibration, because the analysis is based on several responses. MLR has been used to overcome spectral interference in ICP-MS determinations of Cd, In, Sn, and other elements (11) . The main problems in using MLR are evaluation of the validity of the proposed model and calculation of the various coefficients, which often require specific software.
The aim of this work was to develop a simple, rapid, sensitive method with high sample throughput for the determination of Pb in botanical and CPM samples by using closed-vessel microwave digestion with FI-ICP-MS. We explored the possibility of determining Pb in botanical and CPM samples from a single response at Pb. A simple approach using calibration by MLR for FI-ICP-MS was proposed and compared with other modes of calibration. The main problem in the validation of the method for the determination of Pb in CPM is that certified reference materials were not available. Botanical reference materials were used to check the accuracy of the method. The effects of matrix interference and variation in the abundance of isotopes in CPM samples were also investigated.
Experimental

Reagents and Standard Reference Materials
High-purity concentrated nitric acid (J.T. Baker, Mallinckrodt Baker, Inc., Phillipsburg, NJ) was used for acid digestion. Deionized water was obtained from a Millipore Alpha-Q system (Millipore Corp., Bedford, MA) that had the capability to produce 18 mΩ⋅cm. Two 
Microwave Digestion System
A CEM MDS-81D microwave digestion system (CEM Corp., Matthew, NC) with 12-position Teflon (PFA) vessel and capping station was used. The digestion vessels had controlled release valves and were capable of withstanding pressure up to 1.7 kPa (250 psi). Before use, all PFA vessels were soaked overnight in 10% nitric acid solution. The system was initially programmed at 20% power for 5 min, 40% power for 5 min, and 50% power for 20 min. The microwave power range was 0-100% full power (630 ± 70 W) in 1% increments.
Sample Preparation
For pills, coated tablets, and uncoated tablets, 15-20 were selected randomly and ground by using a mortar and pestle. For capsules, the contents of 15-20 were emptied into a glass container and mixed. Powdered samples were used without further treatment. A 0.1-0.5 g sample was weighed into the PFA vessel, and 7 mL concentrated nitric acid was added. After microwave digestion, the resulting solution was filtered through Whatman No. 41 filter paper (Whatman International Ltd, Hillsboro, OR), and the filtrate was diluted to 50 mL with deionized water. A sample blank containing only 7 mL concentrated nitric acid was prepared at the same time for microwave digestion.
For standard additions experiments, the sample was digested in the same way, and various concentrations of Pb and a volume corresponding to a 5 µg/L concentration of In were added.
FI-ICP-MS Measurement
A standard Perkin-Elmer SCIEX Elan 6000 ICP-MS instrument (Thornhill, ON, Canada) was used; the operating conditions are listed in Table 1 . The FI system used was Perkin-Elmer FIAS 400, and the autosampler was Perkin-Elmer AS91. The program used for running the Perkin-Elmer FIAS 400 was that recommended in the Perkin-Elmer SCIEX Elan 6000 ICP-MS System Software Guide. The loop size used for the Perkin-Elmer FIAS 400 was 500 µL, and water was used as the carrier solvent. The FI system was washed with 2% nitric acid solution between sample runs to eliminate memory effect.
Liquid Chromatographic (LC) Analysis of Digest from Closed-Vessel Microwave Digestion
An LC10 VP series LC system (Shimadzu Corp., Kyoto, Japan) with a binary gradient system, autoinjector, and diode array detector was used. The column was the Hypersil Elite C 18 (Hypersil, Cheshire, UK) 5 µm, 250 × 4.6 mm. The digest was injected directly without any further treatment into the liquid chromatograph for analysis. The injection volume was 20 µL, and the oven temperature was set at 40°C. The mobile phase consisted of A (water adjusted to pH 2.5 with phosphoric acid) and B (methanol). The mobile phase started with 40% B and increased to 100% B in 15 min. The mobile phase was brought back to initial conditions at the end of the 15 min period and allowed to equilibrate for 5 min before the next analysis. Detection was at 254 nm. (3) where m is the slope, and c is the y-intercept of the calibration curve.
Results and Discussion
Method Optimization
The amount of Pb present in the sample blank, based on different digestions on different days, was between 0.05 and 0.32 µg/L. The results showed that traces of Pb from cross-contamination were found in the sample blank. Thus, calculation of the limit of detection (LOD) and the limit of quantitation (LOQ), based on 3 and 10 times the standard deviation of the background noise, was not practical. More realistic estimates of LOD and LOQ, based on 3 and 10 times the standard error of the intercept from least-squares calibration (12, 13) , were calculated as 1.01 and 6.15 µg/L, respectively. The LOD and LOQ of the method, based on 0.5 g digested sample, were calculated as 0.10 and 0.61 mg/kg, respectively.
Linearity based on 207
Pb was established from 0 to 100 µg/L. We were unable to use 208 Pb to achieve a wider dynamic range for monitoring Pb in CPM, because the signals were often saturated at higher concentrations of Pb. In our studies, we found that the sensitivity was sufficient for monitoring Pb in CPM without using 208 Pb. This approach was based on several reports of Pb levels ranging from 0.5 to 10 mg/kg in normal plant materials and from 30 to 300 mg/kg in toxic materials (14, 15) . Table 2 shows that the results for most of the CPM samples analyzed fall in the range for normal plant material.
The program used for running the Perkin-Elmer FIAS 400 flow injection system, which included an acid wash cycle after every sample, was found to have minimum memory effect after analyses of samples with high concentrations of Pb. Low washout time, small sample size, and high sample throughput were achieved by coupling the flow injection system with the ICP-MS instrument, compared with results obtained by sample introduction using pneumatic nebulization. Pb.
Testing of Proposed Model for Calibration by MLR (16-18)
Calibration using MLR in ICP-MS is useful because the concentration of analyte calculated is dependent on 2 or 3 responses, in contrast to univariate calibration. The validity of the proposed model for calibration by MLR must be checked to ensure that accurate and precise results can be obtained. The testing of the model for calibration by MLR is often more complex than that for univariate calibration because more parameters are involved. In the present work, a simple approach based on the summary output from Excel/Microsoft Office 97 (Figure 1 ) was used. The validity of the proposed calibration model was determined on the basis of (1) coefficient of multiple determination/multiple R, R 2 , and adjusted coefficient of multiple determination; (2) analysis of variance (ANOVA) table showing that the regression model is significant; and Pb. However, a high R 2 does not necessary imply that the model is a useful one; 1 or 2 misfit points in the proposed model for calibration will also result in a high R 2 value.
The ANOVA table in Figure 1 helped in choosing between the following 2 hypotheses: H 0 : The coefficients of all 3 predictor variables = 0; and H 1 : At least 1 of the 3 coefficients ≠ 0.
A high F-ratio as shown in Figure 1 nificant, it allows the possibility that the linear regression model in this set of responses is not the only model that can be used to explain the data, and that the model might be more effective with the inclusion of other variables or the deletion of some of the variables. The proposed calibration model was considered to be valid with the fulfillment of all 3 conditions mentioned above when it was used to determine Pb in botanical and CPM samples.
Method Precision and Accuracy
The accuracy of the method was checked by using 2 botanical certified reference materials (Sea Lettuce, BCR No. 279, and Olive Leaves, BCR No. 62). The results for different modes of calibration are shown in Table 3 . Recoveries of 90-110% were obtained for all 3 calibration modes. Results obtained for calibration by MLR, based on the proposed approach, were in close agreement with the certified values.
The precision of the method was determined by using different modes of calibration with different types of CPM samples. The results in Table 2 show good agreement between results obtained with calibration by MLR and by conventional modes. Method precision based on analyses of different types of CPM samples by different analysts on different days for different levels of Pb was between 3.0 and 8.0% (RSD; n = 6). Higher RSD values were obtained for CPM samples containing lower concentrations of Pb; it is well-known that precision increases when a method is applied to trace levels of analytes. A possible cause of the higher RSD values could also be the nonhomogeneity of the CPM sample. Good precision was obtained with the proposed approach of calibration by MLR, compared with other modes of calibration. However, negative values for Pb were obtained for samples containing low levels of Pb when calibration by MLR was used. These results, which were due to signals of (Table 3) and 2 of the CPM samples (Table 2) by different analysts on different days. Results within the laboratory showed good precision and were in close agreement.
Effect of Matrix Interferences
Spectral and nonspectroscopic interferences are associated with ICP-MS (19, 20) . However, various researchers (6, 19) have reported no spectral interferences associated with the determination of Pb by ICP-MS. The comparison of calibration by MLR with other modes of calibration (Tables 2 and 3) provided supporting information that no significant spectral interferences are associated with the determination of Pb in CPM by ICP-MS at 207 Pb. Results obtained with calibration by MLR provided a means to check the accuracy and specificity of the method in analyses of CPM samples, which generally have a more complex matrix than botanical samples.
Nonspectroscopic interferences of concern include the effect of nitric acid, which was reported to cause suppression or enhancement of analyte signals (21) . The nitric acid effect had an important impact on the proposed method of sample preparation because a sample size of 0.1-0.5 g with a fixed volume of concentrated nitric acid was often used. Because of the variable sample size used, the amount of nitric acid left after sample decomposition was not known and could adversely affect analytical accuracy.
Matrix effects during determinations of trace elements in plant digests in a plasma source were reported (20, 22) . Several researchers (23, 24) found nitrobenzoic acid and other organic compounds in plant digests when closed-vessel microwave digestion followed by LC analysis was used. The extent of digestion in the proposed method was evaluated by analyzing the botanical and CPM sample digests by LC and comparing the chromatograms obtained for the botanical/CPM sample digests and the blank. The additional peaks in the chromatograms of the sample digests ( Figure 2) showed that complete decomposition of botanical/CPM samples was not obtained.
The effects of matrix interference and nitric acid on the analysis of CPM samples were evaluated by comparing the slopes from standard additions and external calibration using 207 Pb. The ratios of the slope from standard additions to the slope from external calibration (Table 4) background of certain CPM samples as shown in the chromatograms in Figure 2 , significant matrix interference was not observed. Therefore, matching the matrix of the CPM samples analyzed and the standards was not required for the proposed method, which uses an internal standard with FI-ICP-MS. The presence of silica in the plant matrix was reported to result in lower recoveries of some elements such as Al, Ni, Th, and U (6, 25, 26) by the proposed method. The use of nitric acid with hydrofluoric acid in the digestion system was suggested to release silicon-bound elements. However, good agreement with certified values for most elements including Pb was reported by several researchers (6-8) for a number of plant certified reference materials when nitric acid alone or nitric acid with hydrogen peroxide was used in microwave digestion with ICP-MS. Our results, based on analyses of 2 botanical certified reference materials ( Table 3) , suggested that the effect of silica was not significant in the proposed method. Lower recoveries of Pb were not obtained when microwave digestion was used with nitric acid alone without the help of hydrofluoric acid.
Effect of Variation in Isotope Abundance
The sum of the intensities of The effect on the method was first investigated by obtaining the isotope ratios of Pb. Variation in isotope ratio was observed for the Pb reference standard, the 2 botanical certified reference materials, and some CPM samples. However, comparison of results in Table 3 obtained by using MLR with univariate calibration based on 207 Pb showed that the isotopic variation did not have a significant effect on the precision and accuracy of the method for the certified reference material analyzed. A similar trend was observed for the CPM samples analyzed in this study. The results from standard additions experiments shown in Table 4 also demonstrated that the isotopic variation did not present a significant problem for the proposed method. The content of Pb in the botanical and CPM samples analyzed in this study can be obtained by using univariate calibration with 207 Pb.
Conclusions
The proposed method was found to be simple, sensitive, and rapid for the determination of Pb in botanical and CPM samples. The coupling of FI with ICP-MS gave high sample throughput with low washout time and memory effect. The alternative approach of calibration by MLR was found to provide important information in the validation of the proposed method. The conditions used for ICP-MS were robust, and significant matrix interference was not observed for the CPM samples analyzed. 
